The horizontal separation of the eyes results in the projection of slightly different images in each eye that are used to recover depth. One source of depth information is disparity, the relative position of paired features in the two eyes. Another source of depth information comes from features that are present in only one eyeÕs view. These unpaired features arise from occlusion and by definition cannot generate a conventional disparity signal. Here we compare the depth signals generated by paired and unpaired features using stimuli that differ only in whether a given feature (a vertical gap) is paired or unpaired. Ecologically, both stimuli are consistent with two panels separated in depth at the gap, but only the paired gap provides a conventional disparity signal. We found strikingly that depth thresholds for the two gap conditions were the same and that there was perfect cross-adaptation of perceived depth from the unpaired to paired condition, strongly suggesting a common mechanism.
Introduction
It has been known since Wheatstone (1838) that the horizontal separation of the eyes results in the projection of slightly different images in each eye, and that these images contain information that is used to recover depth. One source of depth information is disparity, the relative position of corresponding (or paired) features in the two eyesÕ views. Another source of information comes from features that are present in only one eyeÕs view. These unpaired features arise from occluding surfaces (Galen, ca. 175; da Vinci, ca. 1508) and, by definition, cannot generate a disparity signal. There is however a growing body of psychophysical evidence that the visual system utilizes these features in perceiving 3-D surface structure (Anderson, 1994; Anderson & Nakayama, 1994; Gillam, Blackburn, & Nakayama, 1999; Gillam & Borsting, 1988; Liu, Stevenson, & Schor, 1994) . Unpaired features can be seen in depth themselves (Kaye, 1978; Nakayama & Shimojo, 1990; von Szily, 1921) , can generate subjective occluding surfaces that account for their presence (Anderson, 1994; Anderson & Nakayama, 1994; Liu et al., 1994) , or can, as here, indicate a depth step between surfaces .
In their first report of monocular gap stereopsis, used stereograms to simulate the viewing condition in which two panels of the same luminance and color are placed at different depths, and positioned so that they appear as separate rectangles to one eye (with part of the background visible through the gap between them), but as a single solid rectangle to the other eye (see Fig. 1b ). In initial experiments, the solid rectangle was equal in width to the combined widths of the separate rectangles in the other eye. Conventional stereoscopic theory predicts that observers viewing these stereograms would see a slanted plane similar to that shown in Fig. 1c , but with a suppressed or rivalrous region at the location of the monocular gap. In their first experiment, showed that observers see two frontal plane surfaces with a depth step between them whose sign depended on which eye viewed the gap and whose magnitude depended on the width of the gap.
In their second experiment, matched the depths seen with such unpaired background stimuli with a fully stereoscopic probe. Gap width was varied and they found that the depth settings made with the probe closely matched the depth predicted if the width of the monocular gap was treated as a disparity. This indicates that under suprathreshold conditions the depth signal generated by paired and unpaired features at the edge of the gap are similar in magnitude.
Here we compare the strength of the depth signal generated by monocular gap stimuli and fully binocular stimuli of similar dimensions under threshold conditions. We measured the minimum gap (in the monocular gap case) or minimum gap difference (in the binocular case) required to reliably discriminate the direction of depth. We also included a control condition in which depth information could only be derived from the outer edges. The similarity in depth signals generated by paired and unpaired features suggested that these signals might share a common mechanism. Alternatively, the visual system may resort to using information from unpaired features only when no paired features are present. We used cross-adaptation to differentiate between these two possibilities. If unpaired features are used only when paired features are absent, then adapting to an unpaired stimulus should have no effect on the subsequent presentation of a paired stimulus. However, if paired and unpaired features generate a depth signal in a common mechanism, then adapting to either a paired or unpaired stimulus should generate the same aftereffect on a paired stimulus.
Under these conditions we found that the depth signal generated by unpaired features is as effective as that generated by paired features, and that these different depth signals are combined in a common mechanism at an early stage of depth processing.
Methods

Stimuli
Stimuli were presented stereoscopically on a Clinton Monoray monitor (refresh rate 150 Hz, resolution 848 Â 636) using a VSG2/5 and FE-1 shutter goggles (Cambridge Research Systems). A custom antialiasing algorithm was used to generate sub-pixel displacements of stimulus components. The background luminance was maintained at 3.8 cd/m 2 and viewing distance was 3.5 m. The width of each pixel at this viewing distance was approximately 0.41 arcmin.
The same fundamental structure was used for all stimuli used in these experiments; the only difference was the type of feature present in the center of the stimulus (Fig. 1 ). All stimulus components had a height of 1°. Disparity (d) was defined as the difference between the total widths of each eyeÕs stimulus and was specified in the same way for all stimulus types.
The first type of stimulus consisted of a filled square panel (1°Â 1°) presented to one eye and a wider, filled rectangular panel presented to the other eye (Fig. 1c) . For disparities above threshold this stimulus results in the appearance of a surface slanted about a vertical axis, with the surface rotated towards the eye viewing the wider panel. We call this the ÔslantÕ stimulus. Note that Gaps are present in the center of both eyesÕ views, and therefore can be matched. This stimulus results in the appearance of two panels separated in depth. (b) Unpaired stimulus. A gap is present in the center of only one eyeÕs view, and therefore does not have a match in the other eye. The gap cannot generate a conventional disparity signal. This stimulus also results in the appearance of two panels separated in depth . (c) Slant stimulus. There are no features present in the center of this stimulus. It results in the percept of a surface slanted about a vertical axis. These are the most commonly reported percepts for each stimulus configuration.
there are no features present in the center of either eyeÕs view.
The second type of stimulus had a gap positioned in the center of both panels (Fig. 1a) , but was otherwise identical to the slant stimulus. The square panel was modified to contain a narrow gap (3 arcmin) and the wider panel was modified to contain a wider gap so that the difference in width between these gaps was equal to the difference in overall width between the original panels and was therefore equal to the disparity. In this case the features present in the center of the stimulus (the edges of the gaps) can be matched between eyes, and so are capable of generating a conventional disparity signal, in addition to the disparity signal generated at the outer edges. We call this the ÔpairedÕ stimulus.
In the third type of stimulus a gap was positioned in the center of the wider panel only (Fig. 1b) , of a width equal to the difference in overall width between the original panels. In this case the features present in the center of the stimulus (the edges of the gap) are only present in one eyeÕs view and do not have corresponding features in the other eyeÕs view. Unpaired features such as these are incapable of generating a typical disparity signal. We call this an ÔunpairedÕ stimulus.
The important point to be noted about the stimulus manipulations is that in all three cases the overall width of the stimuli was the same and the edge disparity varied in the same way. However, in the case shown in Fig. 1c there was only edge disparity. This is consistent with a slanted surface. In the case shown in Fig. 1a there was also a gap in the center of each pane whose disparity varied with the edge disparity; this is consistent with two frontal plane rectangles that are laterally separated and whose depth separation varies with the disparity between them. In the case shown in Fig. 1b there was a gap equal to the edge disparity in one panel only. This is consistent with (but not exclusively with) two frontal plane rectangles that are not separated laterally and whose depth is a function of the gap disparity. For convenience, disparity will henceforth refer to edge disparity, which all three types of stimulus have in common.
Procedure
In order to equate the visibility of the stimuli for the different durations used in these experiments (13.3 to 1710 ms), we first measured contrast detection thresholds for zero disparity stimuli using a yes-no task and an adaptive psychometric framework (W; Kontsevich & Tyler, 1999) . The zero disparity stimuli consisted of a single frontal plane rectangle for the slant and unpaired cases and consisted of two frontal plane rectangles (at the same depth) separated by a 3 arcmin gap for the paired case. All durations were presented 50 times each and the presentation order was randomized. Threshold was defined as the 50% correct level (the mean of the cumulative normal used to model the psychometric function). Contrast detection thresholds were fitted using a simple model that assumes complete spatial summation for durations shorter than some critical duration and no summation for durations greater than the critical duration:
where C is the threshold contrast, D is the stimulus duration, D c is the critical duration, and C c is the threshold contrast in the region of no spatial summation. For subsequent experiments, stimuli were presented with a contrast seven times detection threshold (determined from the best-fit model).
The second experiment measured depth discrimination (detection) thresholds for stimuli of various durations. The observerÕs task was to indicate whether or not the left edge of the stimulus appeared nearer than the right edge. The stimuli were presented in four blocks of 400 trials; each duration was presented 50 times per block in random order. The W method was used to determine threshold, which was defined as the slope of the cumulative normal used to model the psychometric function. Thresholds obtained for the paired and unpaired stimuli were fitted with a model in which log threshold varied as a linear function of log duration, so that logðT Þ ¼ m logðD=1710Þ þ logðT 1710 Þ ð 2Þ
where T is the threshold, D is the duration, m is the slope of the line in log-log coordinates, and T 1710 is the threshold for the longest stimulus duration.
In the third experiment we measured how adapting for 15 s to each of the three stimulus types with fixed disparity (d ¼ 4 arcmin) affected the depth seen in subsequent presentations of a paired stimulus (duration 200 ms). To do this we used a modified version of the Ômethod of 1000 staircasesÕ (Cornsweet & Teller, 1965; Mollon & Polden, 1980; Pianta & Kalloniatis, 2000) that uses the W adaptive method instead of a simple staircase to measure the disparity at which the left and right panels appear to be equidistant from the observer (the point of subjective equivalence or PSE). In this method the observer is repeatedly exposed to runs containing the same sequence of adaptation and recovery, and in each run the PSE is probed at a fixed set of time points after removal of the adapting stimulus (1; 6; . . . ; 31 s). A separate W method controls the stimulus presented at each time point during a run, and each run contributes a single response to each W method operating at these times. For each stimulus presentation the observerÕs task was to indicate whether or not the left edge of the stimulus appeared nearer than the right edge. The PSE was defined as the mean of the cumulative normal used to model the psychometric function. Fifty runs were performed, so that 50 responses contributed to each PSE estimate. Adaptation depth direction was alternated after each run, and different adaptation conditions were used in separate sessions. The change in PSE (DPSE) was modeled as an exponential decay over time:
where DPSE 0 is the change in PSE at time t ¼ 0, and s is the time constant of decay.
Curve fitting
The data were fitted by adjusting the free parameters to minimize a v 2 merit function. We use Q as a quantitative measure of the goodness-of-fit of the models (Press, Teukolsky, Vetterling, & Flannery, 1992) . Q is the probability that the observed minimum v 2 exceeds the expected minimum v 2 purely by chance, with small values of Q indicating that the residuals are unlikely to be due to chance fluctuations and it is more likely that the model is incorrect. A value of Q > 0:001 generally indicates an acceptable fit; Q was greater than 0.1 for all our data sets. A parametric bootstrap (2500 replications) was performed to determine 95% confidence intervals for the model parameters (Efron & Tibshirani, 1993).
Observers
Three observers used their habitual refractive correction during testing and had visual acuity better than 6/6. They also had normal stereoscopic vision, as assessed by a stereo vectagraph test. MJP is an author; RGB and MC were na€ ı ıve.
Results
Contrast detection
In order to equate the visibility of our stimuli for each stimulus duration, we measured simple contrast detection thresholds for the paired and unpaired stimuli (at zero disparity). Recall that the zero-disparity unpaired stimulus is identical to the zero-disparity slant stimulus. For short durations, thresholds followed the classical pattern of temporal summation (BlochÕs law) up to a critical duration of $65 ms; for longer durations, thresholds were approximately constant (Fig. 2a) . There was no difference between detection thresholds for the paired and unpaired stimuli, and the pattern was similar for all three observers (Table 1 ). In the following experiments, all stimuli were presented at seven times contrast detection threshold, determined from the bestfit models (solid and dotted lines in Fig. 2a) .
Depth discrimination
We measured the amount of disparity required for depth differences to be reliably seen (depth discrimination thresholds) for each of the stimulus types and for a range of stimulus durations. Observers were asked to say on each trial which side of the fused stimulus appeared nearer. All three observers performed poorly at this task for the slant stimulus, requiring a large amount of disparity to see the difference in depth between the edges (Fig. 2b) . In fact, the depth signal provided by this Fig. 2. (a) Contrast detection thresholds. Plots the contrast required to reliably detect zero-disparity forms of the paired (, dotted line) and unpaired (Ã, solid line) stimuli. As duration increases, less contrast is required for detection up until a critical duration (at 60-70 ms), after which further increases in duration do not change the detection threshold. (b) Depth discrimination thresholds. Plots the amount of disparity required to reliably judge whether the left or right edge is nearer as a function of stimulus duration. Performance was poor for the slant stimulus (M, dashed line), and thresholds could not be determined for shorter durations. There was a significant improvement in performance for the paired stimulus (, dotted line). The unpaired stimulus was equally effective in improving performance (Ã, solid line). (c) Depth aftereffect. Plots the change in disparity at which the left and right edges of a paired test stimulus appear to be at the same depth (DPSE) as a function of time after extinction of the adapting stimulus. The PSE is unaffected by adapting to the slant stimulus (M, dashed line). Adapting to a paired stimulus caused a shift in the PSE that decayed exponentially as a function of time. This shift was such that the left and right edges of a flat test stimulus (zero disparity) appeared to be at depths opposite to those in the adapting stimulus (, dotted line). Adapting to an unpaired stimulus caused the same shift in the PSE for a paired test stimulus (Ã, solid line). Error bars represent one standard deviation. stimulus was so ineffective that the task could only be performed for longer durations. However, the introduction of paired features (a gap in both eyes) resulted in a dramatic improvement in performance (0.5-1.0 log units). Much less disparity was required in this case than with the slant stimulus for the observer to correctly identify the direction of the depth difference between the edges. The striking result is that the introduction of unpaired features (a gap in only one eye) resulted in the same improvement in performance despite the lack of any disparity at the gap (compare model parameters in Table 1 ). The pattern of results was similar for all three observers.
Depth aftereffect
Given that the apparent strength of the depth signals appear to be similar for paired and unpaired features, it is possible that the depth signal is generated in a mechanism common to both types of features. An alternative explanation is that unpaired features are only used when no paired features are available. If paired and unpaired features share a common mechanism, adapting to a paired stimulus should affect the appearance of subsequent presentations of a paired stimulus and adapting to an unpaired stimulus should have the same effect on the paired stimulus. In other words, there should be a cross-over effect between paired and unpaired stimuli. However, if the depth signals generated by unpaired features are only used in the absence of paired features, there should be no such cross-over effect, so that adapting to an unpaired stimulus should have no effect on subsequent presentations of a paired stimulus.
Adapting to the slant stimulus had little effect on the appearance of the paired test stimulus (Fig. 2c) . However, adapting to a paired stimulus caused a large shift in the PSE for the paired test stimulus. The shift in PSE decayed exponentially with time after extinction of the adapting stimulus with time constants between 5.06 and 11.2 s ( Table 1 ). The direction of this shift is such that the panels of a flat (zero disparity) stimulus appeared separated in a direction opposite to that of the adapting stimulus. Adapting to an unpaired stimulus caused the same shift in PSE for the paired test stimulus, indicating that there is a cross-over effect of unpaired on paired stimuli. Again, the pattern of results was similar for the three observers.
Discussion
A monocular gap in an otherwise fusible solid rectangle can only occur in a natural scene when two rectangles present in the visual field are separated in depth and arranged so that their inner edges are aligned from the point of view of one eye, but with a gap seen between them from the point of view of the other eye. Depth is not unambiguously specified in this situation, but depends on the width of the monocular gap together with information from the disparity of the fused configuration as a whole, combined with constraints adopted by the visual system (for a discussion of these see ).
Here we show that the presence of a monocular gap can produce a depth signal that has a strength closely resembling that of a paired gap at the same location, and that the strength of the depth signal is much greater than that accounted for by the disparity of the outer edges of the panels. We further found that exposure to the monocular gap stimulus produced depth adaptation in an equivalent paired gap stimulus as great as exposure to the paired gap stimulus itself, whereas the slant stimulus, despite sharing the same physical disparity as the monocular gap stimulus, did not produce any adaptation. This implies that the depth signals generated by the paired and unpaired stimuli share a common mechanism. It is possible that there are cortical cells responsible for the detection of unpaired regions whose depth signal is combined with the depth signal provided by disparity selective cells. Ohzawa and Freeman (1986, see their Fig. 12 ) found a few (8%) simple cells with these properties in cat visual cortex. These cells respond strongly to stimulation of the dominant eye alone, but show little response to stimulation of the non-dominant eye alone. However, the strong response generated by stimulation of the dominant eye is significantly reduced when the non-dominant eye is also stimulated. These cells could potentially signal the direction (based on eye inputs) and magnitude (based on the size of the receptive field) of a depth step associated with an unpaired region. These findings represent strong psychophysical evidence that, for these types of stimuli, a binocular depth signal produced by a combination of local monocular information and non-local binocular information can be as precise as a conventional disparity-based signal at the same location, and can interact with such a signal on an equal basis. While we can make no claims about whether this effect would generalize to other forms of unpaired stimuli, we suggest that disparity-based stereopsis may not be as unique as is usually assumed.
